Application of adenylate energy charge (EC) measurements in marine ecological studies requires high accuracy and precision. We have examined the luciferinluciferase method for EC determination and suggest the following methodological improvements. Replacement of the commonly used potassium phosphate buffer with potassium chloride in the assay medium prevents problems due to precipitation of magnesium phosphates. Interference from ADP and AMP in crude firefly extract can be eliminated by their enzymatic decomposition with apyrase and AMP-deaminase. Impure nucleotide standards are perhaps more common than currently realized, and can lead to inaccurate estimates of EC.
FLE preparation was cleared by centrifugation and warmed to room temperature prior to use. Enzymatic treatment of this FLE was performed by incubating a 5 rnl subsample with additions of 250 p1 AMP-deaminase (Sigma, Grade IV) and 0.5 mg apyrase (ATP-and ADPase; Sigma, Grade I) for 4 h at room temperature. Adenine nucleotides (AN) in the FLE preparations were extracted by injecting 0.5 m1 FLE into 4.5 m1 boiling Tris-buffer/EDTA (Lundin and Thore, 1975) . ATP was assayed as described by Skjoldal and Barkati (1982) . AMP and/or ADP were phosphorylated to ATP prior to assay by incubating (30 "C, 30 min) sample portions with phospho(eno1)pyruvate (PEP), adenylate kinase (AK) and/or pyruvate kinase (PK) (madet, 1967) . Two different sets of incubation reagents, based on either potassium phosphate (KP,) buffer or potassium chloride (KCl), were compared in one experiment. In all other experiments the KC1-reagents were used. The KP, incubation method followed with slight modifications that of Chapman et al. (1971) . To 250 p1 subsamples were added 50 p1 MgC1, (25 mM) and 50 p1 reagent. The reagent for determination of ATP (ATP-reagent) was KP,-buffer (K2HP0,/KH2P0,, 75 mM, pH 7.5). The reagent for determination of ATP + ADP (ADP-reagent) contained KP,-buffer, PEP (0.45 mM; Sigma, tricyclohexylamine salt) and 10 p1 PKsuspension (Sigma, Type 11) per ml. The reagent for determination of ATP + ADP + AMP (AMP-reagent) contained KP,-buffer, PEP, PK, and 10 p1 AK-suspension (Sigma, Grade 111) per ml. In the incubation method based on KC1, 50 p1 reagent was added to 250 111 subsamples. The ATP-reagent consisted of MgC1, (25 mM), KC1 (8 mM), and PEP (0.75 mM). The ADP-reagent contained 5 or 10 p1 PK-suspension per m1 ATP-reagent. The AMP-reagent contained 10 p1 AK-suspension per m1 ADP-reagent. Following incubation, samples were kept on ice until assayed for ATP the same day.
Stock AN standard solutions of about 30 FM concentration were prepared using sodium salt of AMP and dibarium salts of ATP and ADP (Sigma). AMP was dissolved in Tris-buffer (0.02 M, pH 7.7) and ATP and ADP were dissolved in Tris-buffer containing Na4,SO, (0.1 M). The precipitate of BaSO, was removed by centrifugation and the supematant further diluted with Tris-buffer. The exact concentrations of these standard stock solutions were determined spectrophotometrically at 260 nm. They were stored frozen in small portions, thawed and diluted with Tris-buffer as required prior to use.
The enzymes PK and AK are usually obtained as suspensions in 2 to 3 M ammonium sulphate solution.
Since inorganic salts inhibit the luciferase activity (e. g. Aledort et al., 1966; Karl and LaRock, 1975) , many workers have either dialyzed the AK suspension against phosphate buffer (Chapman et al., 1971; Witzel, 1979) or centrifuged the PK and AK suspensions and resuspended the pellets in buffer (Lundin and Thore, 1975; Christensen and Devol, 1980; Romano and Daumas, 1981) . We have instead used untreated enzyme suspensions and corrected the light-emission values for the inhibition caused by (NH4),S04. In our assay procedures, the concentrations of (NH4),S04 in the incubation mixtures for determination of ATP, ATP + ADP, and ATP + ADP + AMP were 0, 1.8 to 3.7, and 7.1 to 9.0 mM, respectively. These concentrations inhibited the luciferase activity by 2 to 4 % and about 10 % in the cases of ATP + ADP and ATP + ADP + AMP determinations, respectively.
Proteins such as hemoglobin and bovine serum albumin (BSA) have been reported to stimulate the luciferase activity (e. g. Beutler and Mathai. 1967) . Thus, we found that 90 pg BSA ml-' stimulated the peak light emission by 14 %. The enzymes PK and AK, on the other hand, had no detectable effects at concentrations up to 100 pg ml-l. Nor did we detect any effect of PEP at concentrations up to 0.9 mM. These concentrations cover the ranges of commonly used concentrations of PK, AK, and PEP.
Proper enzymatic conversion of ADP and AMP to ATP by PK and AK requires mono-and bivalent cations. K' and MgCt are most effective for PK (Kayne, 1973) and AK (Noda, 1973) , respectively, and have therefore usually been included in incubation mixtures, although as different salts and at different concentrations. Assay modifications can on this basis be broadly classified into 3 categories: (1) those following the original assay of Pradet (1967) using the sulphate salts of M g + + and K+; (2) those following the assay of Chapman et al. (1971) using MgC1, and Kphosphates; and (3) those using MgC1, and KC1 (e. g. Kimmich et al. 1975) . It has been argued that chloride salts should be avoided because of the inhibitory effect of Cl-on the luciferase activity (Pradet, 1967; Romano and Daumas, 1981) . However, Cl-is reported as less inhibitory than equimolar concentrations of sulphate or phosphate (Aledort et al., 1966; Karl and LaRock, 1975) .
We compared 2 assay modifications based respectively on KP,-and KC1-reagents (Table 1) . Light emission in the assay of ATP was about 20 % lower with the KPi-than with the KC1-reagent, probably reflecting the higher ionic strength of the former. When a 2 p M ATP standard was analyzed by the KPi-method, the peak light emission was about equal with ATP-and ADPreagents, but 10 % lower with AMP-reagent. With the KC1-method, on the other hand, the light emission was 26 and 34 % higher with the ADP-and AMP-reagents, respectively, than with the ATP-reagent (Table 1) . Since we found no effect of either PEP, PK, or AK on the luciferase activity, we interpret this increased light emission with ADP-and AMP-reagents as reflecting contamination by ADP and AMP of the ATP standard. Analyses of ADP and AMP standards also indicated impurities, particularly of AMP in the ADP standard (Table 1) . From these analyses we calculated that our ATP standard contained 19 % ADP and 6 % AMP, our ADP standard 16 % AMP, and our AMP standard 0.1 % ATP and 0.4 % ADP. Although high, these contaminations are not exceptional compared to other reported impurity levels of ATP and ADP standards (Holmsen et al., 1966 (Holmsen et al., , 1972 Kimmich et al., 1975) .
Taking the impurities of our standards into account, the light emissions with ADP-and AMP-reagents were expressed as percentages of those expected from the assays with ATP-reagent, assuming complete conversion (Table 1 ). There was close to 100 % agreement between observed and expected light emission when a mixture of ATP, ADP, and AMP were analyzed with the KC1-method. In contrast, the light emission was inhibited by 15 to 19 % and 28 to 29 % with the ADPand AMP-reagents, respectively, of the KP,-method.
The reason for this inhibition in the KPi-method is probably related to precipitation of magnesium phosphates which have very low solubility in water. Upon mixing KPi-buffer and MgC1, we have always observed formation of a precipitate. Following incubation, the amount of precipitate increased in the order ATP-, ADP-, and AMP-reagent, reflecting perhaps precipitation of magnesium-ammonium phosphate. With KC1-reagents, on the other hand, there was no visible precipitate formation. Since the degree of inhibition was quite similar in the analysis of either ATP or a mixture of all three AN (Table l) , the effect of lowered Mg++ concentration was probably on the luciferase activity and not on the conversion enzymes PK and AK. The inhibitory effect would presumably depend on the Mg++ concentration of the luciferase preparation, which in our case was 4 to 10 mM. The optimum Mg'+ concentration for luciferase activity is in the range 1 to 10 mM, being dependent on ATP concentration and concentration of chelating agents such as EDTA which is often present in extraction media (Green and McE1roy, 1956; Van Dyke et al., 1969; Karl and LaRock, 1975) .
Proportionally lower light emission with ADP-and AMP-reagents as compared to ATP-reagent has previously been reported (e.g. Kimmich et al., 1975; Karl and Holm-Hansen, 1978; Witzel, 1979; Christensen and Devol, 1980; Skjoldal, 1981) . Since different assay modifications were used, the reason for the lowered light emission may differ among the reports. Karl and Holm-Hansen (1978) found similar light emission with ATP-and ADP-reagents, but 15 % lower with AMPreagent. The samples were boiled for 2 rnin following incubation in order to denature PK, and the lower light emission with AMP-reagent was explained as a result of an AK-catalyzed backproduction of ADP from ATP. Christensen and Devol (1980) , following the same procedure, found light reduction also with ADP-reagent, which they ascribed to turbidity from coagulation of the PK after boiling.
To our knowledge, there are no previous reports of interference due to precipitation of Mg when KP, and MgC1, are used in the incubation mixtures. One reason for this could be commonly occurring ADP-and AMPcontaminations of ATP-standards, which would tend to counteract any such inhibitory effect (Table 1) . We recommend that use of KP, in the incubation mixtures should be avoided, and that the purity of AN standards should be carefully checked. The method based on KC1 instead of KP, has proved satisfactory and yielded complete recovery of internal AN standards with both Tris-buffer and trichloroacetic acid extracts of various invertebrates (Skjoldal and Barkati, 1982; Klinken and Skjoldal, unpubl.) .
Heat-treatment after incubation was introduced by Karl and Holm-Hansen (1978) in order to reduce interference in the luciferase assay due to conversion to ATP of nucleotides in crude FLE preparations. This interference, which has been discussed in several papers (e.g. Karl and Holm-Hansen 1978; Witzel, 1979; Romano and Daumas, 1981) is most severe with AMPreagent and at low ATP concentrations ( Fig. lAl to C,) . The heat-treatment results in back production of ADP from ATP, and there is also a possibility of other losses of ATP during the heating and reequilibration periods T i m e ( m i n ) Fig. 1. Blank light emission curves obtained by injecting  untreated (A, to D,) 
or apyrase plus AMP-deaminase-treated (A, to D,) crude firefly extract (Sigma FLE-50) into Tris-buffer.
A: ATP-reagent; B: ADP-reagent; C: AMP-reagent; D: ADPreagent with 10 times higher pyruvate kinase concentration than in B (100 and 10 p1 PK ml-l, respectively) (Romano and Daumas, 1981) . This method is therefore demanding in terms of standardization (Christensen and Devol, 1980) . Alternative procedures for reducing the interference have involved dilution of incubated samples prior to assay (Witzel, 1979) or inactivation of AK and PK by treatment with perchloric acid (PCA) (Kimmich et al., 1975) . Dilution represents loss of sensitivity, which can be disadvantageous with environmental samples of the 3 standard curves were similar. The modified low AN content. PCA-treatment requires neutraliza-methodology as described here is therefore simple in tion prior to assay. This is t~me-consuming, and loss of terms of standardization requirements, and could form ATP through copreclpitation can be a serious problem the basis for a routine, standardized assay procedure (Kimmich et al., 1975) .
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